The bioherbicides should exhibit stable effectiveness in the field, be specific and quick in action, compatible with other preparations and meet market demand. In many ways, the cost and quality of product is determined by the technology of obtaining infectious material. An infectious material is used as a mycelium and its modifications and as conidia as well. The extreme sensitive of the mycelium to drying is often referred as main disadvantage of using it as the basis of a formulation. At the same time, the technological process of obtaining conidia is often more complicated, and the efficiency in the field is less than the mycelium has. The phytopathogenic fungus Stagonospora cirsii J.J. Davis, which is causative agent of a leaf spot disease of creeping perennial weeds in the family Asteraceae, is considered a potential mycoherbicide of Canadian thistle Cirsium arvense (L.) Scop. However, the yield of C. cirsii C-163 mycelium on standard nutrient media is significantly lower than that used in biotechnology (3 g/l). Our paper is the first to report that manipulation with liquid nutrient medium allows a significant increase in S. cirsii mycelium pathogenicity and tolerance to exsiccation. The study is devoted to the optimization of liquid-phase deep fermentation parameters, as well as the duration of cultivation and composition of a nutrient medium, in order to obtain the C. cirsii C-163 mycelium with improved mycoherbicidal properties. This infection material is a good basis for development formulations that can be used both individually and jointly with other protective agents for perennial weed control. The advantage of the approach used in the work is that the resistance to drying, an important technological parameter which largely determines the success of the herbicides, was additionally considered, along with virulence and mycelial yield, during the optimization of fermentation parameters. The strain C. cirsii C-163 was used. The 10-day inoculum was obtained in Petri plates on potato dextrose agar medium. The mycelium was incubated in 250-ml Erlenmeyer flasks containing 50 ml of the medium at 130 rpm and 24±2 C for 2-7 days. The base liquid nutrient media contained carbon source (20 g/l), organic (10 g/l) or inorganic (3.5 g/l) nitrogen source, yeast auto lysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l). Dulcite, rhamnose, Linositol, L-arabinose, D-sorbitol, glucose, trehalose, and sucrose were a source of carbon. Casein, soy peptone, enzyme peptone, soy flour, gelatin, lecithin, ammonium dihydrogen phosphate, ammonium chloride, ammonium sulfate, and sodium nitrate were a source of nitrogen was. The pH of all liquid nutrient media was adjusted to 6.0. To establish the optimum concentrations of sucrose and soy flour in a nutrient medium with yeast auto lysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l), the amount of sucrose was changed from 10 to 70 g/l with a step of 10 g/l and the concentration of soy flour was changed from 5 to 20 g/l with a step of 2.5 g/l. The degree of leaf damage caused by disease was estimated by the necrosis area of leave disks or whole plants (5-6 true leaves). Drying of harvest mycelium, humidity 85-87 %, was carried out in a thin layer (1-2 mm) with flowing air at 30 C without protectors for 3 hours. The highest yield of mycelium is when the carbon source in the nutrient medium is L-inositol. When inositol is substituted with sucrose or D-sorbitol, the biomass yield reduces by 25 %. At the same time, these nutrient media gave the most aggressive mycelium. Among nitrogen sources, the maximum yield of mycelium is in the case of casein, soy flour and enzymatic peptone. In the process of drying mycelium, loss of viability of propagules turned out to be significant. The mycelium obtained on sucrose-soy nutrient medium is the most resistant to drying. The most viable and aggressive mycelium was formed in the middle of the exponential growth phase which occurred on day 3 when cultivated in flasks on a soya-sucrose nutrient medium. Opti-
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The bioherbicides should exhibit stable effectiveness in the field, be specific and quick in action, compatible with other preparations and meet market demand. In many ways, the cost and quality of product is determined by the technology of obtaining infectious material. An infectious material is used as a mycelium and its modifications and as conidia as well. The extreme sensitive of the mycelium to drying is often referred as main disadvantage of using it as the basis of a formulation. At the same time, the technological process of obtaining conidia is often more complicated, and the efficiency in the field is less than the mycelium has. The phytopathogenic fungus Stagonospora cirsii J.J. Davis, which is causative agent of a leaf spot disease of creeping perennial weeds in the family Asteraceae, is considered a potential mycoherbicide of Canadian thistle Cirsium arvense (L.) Scop. However, the yield of C. cirsii C-163 mycelium on standard nutrient media is significantly lower than that used in biotechnology (3 g/l). Our paper is the first to report that manipulation with liquid nutrient medium allows a significant increase in S. cirsii mycelium pathogenicity and tolerance to exsiccation. The study is devoted to the optimization of liquid-phase deep fermentation parameters, as well as the duration of cultivation and composition of a nutrient medium, in order to obtain the C. cirsii C-163 mycelium with improved mycoherbicidal properties. This infection material is a good basis for development formulations that can be used both individually and jointly with other protective agents for perennial weed control. The advantage of the approach used in the work is that the resistance to drying, an important technological parameter which largely determines the success of the herbicides, was additionally considered, along with virulence and mycelial yield, during the optimization of fermentation parameters. The strain C. cirsii C-163 was used. The 10-day inoculum was obtained in Petri plates on potato dextrose agar medium. The mycelium was incubated in 250-ml Erlenmeyer flasks containing 50 ml of the medium at 130 rpm and 24±2 C for 2-7 days. The base liquid nutrient media contained carbon source (20 g/l), organic (10 g/l) or inorganic (3.5 g/l) nitrogen source, yeast auto lysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l). Dulcite, rhamnose, Linositol, L-arabinose, D-sorbitol, glucose, trehalose, and sucrose were a source of carbon. Casein, soy peptone, enzyme peptone, soy flour, gelatin, lecithin, ammonium dihydrogen phosphate, ammonium chloride, ammonium sulfate, and sodium nitrate were a source of nitrogen was. The pH of all liquid nutrient media was adjusted to 6.0. To establish the optimum concentrations of sucrose and soy flour in a nutrient medium with yeast auto lysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l), the amount of sucrose was changed from 10 to 70 g/l with a step of 10 g/l and the concentration of soy flour was changed from 5 to 20 g/l with a step of 2.5 g/l. The degree of leaf damage caused by disease was estimated by the necrosis area of leave disks or whole plants (5-6 true leaves). Drying of harvest mycelium, humidity 85-87 %, was carried out in a thin layer (1-2 mm) with flowing air at 30 C without protectors for 3 hours. The highest yield of mycelium is when the carbon source in the nutrient medium is L-inositol. When inositol is substituted with sucrose or D-sorbitol, the biomass yield reduces by 25 %. At the same time, these nutrient media gave the most aggressive mycelium. Among nitrogen sources, the maximum yield of mycelium is in the case of casein, soy flour and enzymatic peptone. In the process of drying mycelium, loss of viability of propagules turned out to be significant. The mycelium obtained on sucrose-soy nutrient medium is the most resistant to drying. The most viable and aggressive mycelium was formed in the middle of the exponential growth phase which occurred on day 3 when cultivated in flasks on a soya-sucrose nutrient medium. Opti-mization of the concentration of soybean flour (15 g/l) and sucrose (60 g/l) makes it possible to increase the yield and aggressiveness of mycelium 12 and 4 times, respectively, as compared to Czapek medium. Thus, the present study provides a method for the preparation of a mycelium having a high aggressiveness to the host-plant and a capability to remain viable during drying. The prospects of such a method of obtaining an infectious material are proved.
Keywords: phytopathogenic fungi, Stagonospora cirsii J.J. Davis, Cirsium arvense (L.) Scop., Canada thistle, submerged liquid cultivation, carbon source, nitrogen source, mycelium, mycoherbicide Among more than 200 species of fungi and bacteria that were considered as potential bioherbicides of diverse action spectrum, by 2011 only 8.1% had become the basis for production of commercial formulations, 19.4% had been registered but not commercialized, and 72.5% had not confirmed their effectiveness [1] . The reason is that the commercial success of the bioherbicide is determined not only by the virulence for the target object, but also by its effectiveness in the field, the specificity and speed of action (aggressiveness), processability, the cost of the nutrient media used in the manufacturing cycle, the compatibility with other biological and chemical preparations, as well as the market demand [2, 3] .
The technology of obtaining biological preparations is determined by the nature of the original infectious material. Most of the registered mycopesticides are developed on the basis of conidia, in some cases mycelium and its modifications are used for this purpose. The sensitivity of the mycelium to drying is often referred to as its main disadvantage. At the same time, the technological process of obtaining conidia is often more complicated, and the efficiency in the field is less stable than the mycelium has [3, 4] .
The phytopathogenic fungus Stagonospora cirsii J.J. Davis is considered a potential mycoherbicide of Canadian thistle Cirsium arvense (L.) Scop. [5] . A leaf spot disease of creeping perennial weeds in the family Asteraceae can be caused by conidia as well as S. cirsii C-163 mycelium fragments. Strains of this species form conidia only under the influence of ultraviolet [5] . S. cirsii C-163 mycelium can cause disease of weeds under more severe temperature and humidity conditions than conidia [6] . The advantages of the use of preparations based on mycelium in the field are also shown for other potential mycoherbicides [6] [7] [8] [9] . It is partly explained by the autoinhibition of the conidia development at their high number [10, 11] . The cases are known when phomoid micromycetes conidia obtained in vitro were avirulent [12] . In addition, the emergence of a synergistic effect in the co-use of mycelium and chemical herbicides in low doses provides more stable effectiveness of preparations based on mycelium in the field [13] [14] [15] . Therefore, S. cirsii mycelium is considered primarily as the infectious material for the development of a bioherbicide against Canadian thistle.
Compared to solid-phase cultivation, liquid-phase deep fermentation is a simpler and faster way to obtain infectious material [16] [17] [18] . The development of this technology includes the optimization of the nutrient medium for the viability and aggressiveness of the material [16] . For phytopathogenic micromycetes, it is shown that the aggressiveness of infectious material is determined by the nature of carbon and nitrogen sources, their ratio and absolute concentration [19] [20] [21] , as well as the physiological state of propagules [6] . It is necessary to note that for phomoid micromycetes, which include S. cirsii, the comprehensive study to assess the impact of the cultivation duration, the nature, and concentration of carbon and nitrogen sources on the quality of the mycelium, obtained in the result of deep fermentation, has not been carried out.
This paper is the first to report that manipulation with liquid nutrient medium allows a significant increase in S. cirsii mycelium pathogenicity and tolerance to exsiccation.
The work objective was to optimize the composition of the nutrient medium (according to C, N sources) and the duration of deep liquid-phase cultivation to increase the yield of virulent mycelium of Stagonospora cirsii C-163.
Techniques. The strain S. cirsii C-163, which was stored at 5 C in test tubes on potato-dextrose agar and at 80 C in 10% glycerin, was used in the work. The inoculum was obtained on potato-dextrose agar.
The mycelium was incubated in 250-ml Erlenmeyer flasks containing 50 ml of the nutrient medium in the orbital shake-flask propagator (at 180 rpm). The carbon (dulcite, rhamnose, L-inositol, L-arabinose, D-sorbitol, glucose, trehalose, and sucrose) and nitrogen (casein, soy peptone, enzyme peptone, soy flour, gelatin, lecithin, ammonium dihydrogen phosphate, ammonium chloride, ammonium sulfate, and sodium nitrate) sources varied in liquid nutrient media. The following media composition was used: carbon source (20 g/l), organic (10 g/l) or inorganic (3.5 g/l) nitrogen source, yeast autolysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l). The pH of liquid nutrient media was adjusted to 6.0 before autoclaving (taking into account the optimal pH 5-6 for the development of the S. cirsii mycelium) [8] .
To establish the optimum concentrations of sucrose and soy flour in a nutrient medium with yeast autolysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l), the amount of sucrose was changed from 10 to 70 g/l with a step of 10 g/l and the concentration of soy flour was changed from 5 to 20 g/l with a step of 2.5 g/l. The optimal cultivation time was determined in the range from 2 to 7 days at 25±2 C on a nutrient medium (pH 6.0) of the following composition: soy flour (14 g/l), sucrose (60 g/l), yeast autolysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l). The CFU, mycelium yield by dry weight, pH of culture liquid were determined by standard methods [22] .
The aggressiveness of the mycelium against Canadian thistle was assessed with the area of damage of leaf disks or entire plants in the rosette phase. Disks with a diameter of 0.8 cm were cut with a Forstner bit from the leaves of the middle layer. They were placed in rows of 12 pcs with the adaxial side up in the leak-proof clear plastic containers on filter paper moistened with sterile water. Leaf disks were inoculated with fragments of S. cirsii C-163 mycelium (50 mg/ml) by applying an aqueous suspension (5 μl) to the center of the disc. In experiments on entire plants, they were sprayed with an aqueous suspension of the same concentration at a flow rate of 1.5 ml/plant. The aggressiveness of S. cirsii on the leaf disks was assessed 2 days after inoculation on the relative area of necrosis formed at a temperature of 25 C and intermittent (12 h dark/12 h light) artificial light. The aggressiveness of S. cirsii on entire plants was determined by the relative area of leaf necrosis 7 days after inoculation.
Drying of mycelium (humidity 85-87%) was carried out in a thin layer (1-2 mm) with flowing air at 30 °C without protectors for 3 hours.
The experiments were carried out in 4 replications. The results were subjected to dispersion analysis. Homogeneity of variances of the samples was checked with the help of Cochran's Q test. Standard deviations (±SEM) are given for the means (M). The significance of differences of mean values is determined with the criterion of least significant difference (LSD 0.05 ). Calculations were
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Results. The first step in the cultivation conditions optimization for S. cirsii C-163 was to select a carbon source for the liquid culture medium. The variant with L-inosite as a carbon source provided the greatest yield. Substitution of L-inosite with sucrose and D-sorbitol resulted in the reduction of biomass yield by 25%. At the same time, the media with sorbitol and sucrose formed mycelium the most aggressive against thistle (Table 1) . Due to this reason, and taking into account the commercial availability and stabilizing properties of sucrose [9] , it was used as a carbon source when selecting a nitrogen source at the next optimization stage.
By varying N sources on the medium with sucrose, it was found that the yield of dry biomass on nutrient media with organic nitrogen (with the exception of soy peptone) was 12-55 g/l, more than by 3 times higher than in the standard Czapek medium with yeast extract (sodium nitrate as nitrogen source) ( Table 2 ). Aqueous suspension based on mycelium fragments, obtained on nutrient media with casein, peptone, soy flour or gelatin, caused the death of disks from the leaves of thistle. The maximum yield of mycelium was found for casein, soy flour, and enzyme peptone (Table 2 ). Nutrient media of such composition were basic at the third stage of optimization.
The possibility of successful stabilization of infectious material is formed at the very stage of cultivation [23, 24] . Therefore, the main selection criterion at the third stage of optimization of the nutrient medium composition was the stability of the mycelium obtained in different nutrient media to drying. When drying, the loss of propagules viability was substantial. The greatest stability to drying was shown by the mycelium obtained on the sucrosesoy nutrient medium, which was chosen for further optimization ( Table 3 ). The obtained data on the low stability of the S. cirsii C-163 mycelium to drying are consistent with those published [3, 8] . In cases when the potential mycoherbicide forms sclerotia, they, taking into account greater thermal tolerance of this life-form, are used as the infectious material [25] [26] [27] . Phomoid micromycetes do not have such ability. Softer drying conditions are provided when receiving pesto-and alginate granules. Their use is considered promising in the mycoherbicides development on the basis of the mycelium of phomoid pathogens, since this allows reducing losses during drying, and the composition of such formulations may include additional active ingredients that improve effectiveness in the field [28] [29] [30] .
At the fourth stage of nutrient medium optimization, the influence of the duration of fungus cultivation on the pathogenic properties of the mycelium and its yield was evaluated (Fig. 1) . The maximum yield of mycelium (about 36 g/l) corresponded to the beginning of the stationary phase of fungus growth and fell on days 4-5 of cultivation. At the same time, the 3-day mycelium showed the greatest activity against the thistle, which corresponds to the middle of the exponential phase of the fungus growth, characterized by the most active metabolic processes.
The second peak of biological activity (day 6) was in the stationary phase of growth when the formation and accumulation of secondary metabolites occur usually. It is known that S. cirsii at stationary cultivation on the liquid nutrient Czapek medium produces stagonolide-similar toxins exhibiting phytotoxicity [31] . Substrate necrotization may accelerate the development of the disease, so the second peak of biological activity is associated with the beginning of toxin production [32] . Since the reduction of fermentation time becomes an important technological advantage in the deep liquid-phase cultivation, the concentrations of soy flour and sucrose for a 3-day mycelium were optimized in further work. The analysis of variance of the experimental data showed in all cases a statistically significant (p < 0.001) joint and individual influence of the concentrations of carbon and nitrogen sources in the liquid nutrient medium on the pathogenicity and mycelium yield. This result is fully consistent with the literature data on the influence of concentration and ratio of these components of the nutrient medium on the yield and pathogenicity of different types of infectious material, such as conidia of Colletotrichum coccoides [21] , conidia, microsclerotia, and mycelium of C. truncatum [24, 27] .
The highest yield of dry biomass (36 g/l) was at a concentration of sucrose 60 g/l and soy flour 15 g/l. A further increase in the soy flour amount reduced the yield of mycelium. Evidently, it was due to a decrease in the aeration of the nutrient medium due to an increase in its density. When treating the leaf disks with an aqueous suspension of S. cirsii C-163 mycelium (25 mg/ml), the maximum area of the necrosis was observed at sucrose concentration of 30 g/l and above and at a concentration of soy flour 12.5-17.5 g/l. The decrease in pathogenicity at high concentrations of soy flour was also associated with a decrease in aeration, leading to premature aging and degradation of the mycelium. As it can be seen from the graphs (Fig. 2) , the range of the maximum values of the mycelium yield of the fungus lies within the range of the maximum values of the necrosis area. Therefore, the optimal concentrations of carbon and nitrogen were chosen according to the maximum yield of the S. cirsii biomass. The optimized sucrose-soy medium (pH 6.0) had the following composition: soy flour (15 g/l), sucrose (60 g/l), yeast autolysate (1 g/l), KH 2 PO 4 (1 g/l), MgSO 4 (0.5 g/l). It is necessary to note that with an increase in the degree of aeration, the concentrations of sucrose and soy flour optimal for the greatest yield of aggressive mycelium may change and require correction [16] . The yield of dry mycelium highly aggressive against Canadian thistle on the optimized sucrose-soy medium for 3 days was 36 g/l. The yield of mycelium did not exceed 3 g/l on the initial Czapek medium with yeast extract. Thus, optimization of parameters of liquid-phase deep fermentation provides more than 10-fold increase in the yield of virulent mycelium Stagonospora cirsii C-163 (to levels comparable with the accepted in the biotechnological practice). The duration of cultivation and the organic nature of nitrogen in the medium significantly affect S. cirsii mycelium properties. The proposed hightech method for obtaining an infectious mycelium that retains viability during drying can be used in the manufacture of a biological preparation against Canadian thistle.
